A highway construction cost index (HCCI) is an indicator of the purchasing power of a highway agency. Thus, it must reflect the actual construction market conditions. However, current methods used by most state departments of transportation are not robust enough to meet this primary goal due to (1) a significantly insufficient sample size of bid items used in HCCI calculation; and (2) inability to address the need to track highway construction market conditions in specific submarket segments such as, but not limited to, various project types, sizes, and locations. This study proposes an advanced methodology to overcome these apparent limitations using two new concepts: (1) dynamic item basket; and (2) multidimensional HCCIs. The dynamic item basket process identifies and utilizes an optimum amount of bid-item data to calculate HCCIs in order to minimize the potential error due to a small sample size, which leads to a better reflection of the current market conditions. Multidimensional HCCIs dissect the state highway construction market into distinctively smaller sectors of interest and thus, allow state Departments of Transportation to understand the market conditions with much higher granularity. A framework is developed to integrate these two concepts and a standalone prototype system, named the Dyna-Mu-HCCI System, is developed to automate the dataprocessing part of the framework. The historical bid data of the Montana Department of Transportation are used to evaluate the performance of the Dyna-Mu-HCCI System and measure the effects of the dynamic item basket (DIB) and multidimensional HCCIs. The results show an eightfold increase in terms of the number of bid items used in calculating HCCIs and at least a 20% increase in terms of the total cost of bid items used. In addition, the multidimensional HCCIs reveal different cost-change patterns from different highway sectors. For example, the bridge construction market historically shows a very different trend compared with the overall highway construction market. The new methodology is expected to aid state Departments of Transportation in making more-reliable decisions in preparing business plans and budgets with more accurate and detailed information about the construction market conditions. Further, the prototype Dyna-Mu-HCCI System is expected to significantly facilitate the HCCI calculation process and rapidly implement this new system. highway agency. Thus, it must reflect the actual construction market conditions. However, 10 current methods used by most state departments of transportation are not robust enough to meet 11 this primary goal due to a) a significantly insufficient sample size of bid items used in HCCI 12 calculation and b) inability to address the need to track highway construction market conditions 13 in specific sub-market segments in terms of project type, size and location. This study proposes 14 an advanced methodology to overcome these apparent limitations using two new concepts: a) 15 dynamic item basket and b) multidimensional HCCIs. The dynamic item basket process 16 identifies and utilizes an optimum number of bid item data to calculate HCCIs in order to 17 minimize the potential error due to a small sample size, which leads to a better reflection of the 18 current market conditions. Multidimensional HCCIs dissect the state highway construction 19 market into distinctively smaller sectors of interest and thus, allow state departments of 20 transportation to understand the market conditions with much higher granularity. A framework is 21 developed to integrate these two concepts and a standalone prototype system, namely, Dyna- The historical bid data of the Montana Department of Transportation is used to evaluate 24 the performance of the Dyna-Mu-HCCI System and measure the effects of the DIB and 25 multidimensional HCCIs. The results show an eight-fold increase in terms of the number of bid 26 items used in calculating HCCIs and at least 20% increase in terms of the total cost of bid items 27 used. In addition, the multidimensional HCCIs reveal different cost change patterns from 28 different highway sectors. For example, the bridge construction market historically shows a very 29 different trend compared with the overall highway construction market. 30
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The new methodology is expected to aid state departments of transportation in making 31 more reliable decisions on preparing business plans and budgets with more accurate and detailed 32 information about the construction market conditions. Further, the prototype, Dyna-Mu-HCCI 33
System is expected to significantly facilitate the HCCI calculation process and rapidly implement 34 this new system. consider this change the most significant update in the national HCCI methodology. Among 61 many notable changes such as a wider coverage of projects and electronic bid data collection 62 processes, the switch to an enhanced indexing formula (Fisher index) is considered the major 63 change. Currently, at least 21 DOTs compute their state level HCCIs, but most of them have not 64 yet updated their methodologies to reflect the changes in the NHCCI methodology primarily due 65 to lack of appropriate guidance (Shrestha et al. 2016; Walters and Yeh 2012) . 66
In addition, current HCCI calculation methods adopted by most DOTs are not 67 sophisticated enough to assure that an HCCI can be used as a reliable indicator of the changing 68 market conditions. One of the reasons is the use of a significantly insufficient sample size of bid 69 items in HCCI calculation. Since an HCCI is calculated using the cost information of bid items, 70 ideally, the entire bid dataset should be used to truly reflect actual market conditions 71 Another area for improvement in DOT's HCCI calculation methodology is in the current 75 method's inability to address the need to track highway construction market conditions with 76 higher granularity. Current methodologies typically produce only one overall HCCI as a 77 representative index to indicate the entire state's highway construction market condition. 78
However, highway construction costs are heavily affected by availability of local materials, 79 equipment, and even specialty contractors. In addition, the project size and quantity of work 80 significantly affect construction methods and their productivities which are directly associated 81 with project costs. Moreover, many DOTs are forced to shift their highway project portfolio from 82 new construction to maintenance and rehabilitation projects due to aging roadway systems. 83
These unique characteristics of highway construction and changing business environments 84 require DOTs to have customized HCCIs designed to better understand specific market 85 conditions and trends based on local regions, project sizes and project types. The current system 86 fails to address this issue. 87
The goal of this study aims at addressing the two specific issues described above by 88 developing an advanced HCCI methodology with new concepts of dynamic item basket and 89 multi-dimensional HCCIs. Specifically, this study will: a) develop a methodology to generate a 90 Over time, not only the quantities, but also the IB itself might be outdated because of 127 changes in the market resulting in the addition, removal, and substitution of items. This results in 128 a sampling error. Thus, the base year and IB are recommended to be updated periodically (i.e, 129 every five or ten years). However, it is very possible that the IB and the quantity vectors might 130 get outdated before the base year is changed. Thus, a chained cost index is recommended to 131
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Fisher index, , , Also, state level HCCIs are calculated using IBs with its cost coverage as low as 14% 147 and as low as 7% in terms of its bid item coverage (Table 1) . The highest IB coverage in terms of 148 total costs is 60% for FHWA's NHCCI. The coverage of 271 bid items in Utah DOT may appear 149 to be large, but considering that DOTs typically use more than 2,000 bid items, it is quite small. 150
There are several possible reasons for using IBs with such small coverages. 
FRAMEWORK FOR MULTIDIMENSIONAL HCCI WITH DIB 237
The framework to integrate DIB into multidimensional HCCI calculation process is 238 illustrated in Figure 3 
Project Filtering 264
In this component, projects relevant to calculating sub-HCCIs are selected in three 265 phases: a) removal of non-design-bid-build projects, b) selection of projects from the current and 266 previous or base periods, and c) selection of projects of a particular category corresponding to 267 the selected sub-HCCI. Figure 4 shows the detailed procedure for project filtering. The third 268 phase (c) is required only to generate sub-HCCIs and is skipped for an overall HCCI calculation. 269
For an overall HCCI calculation, data from all project sizes, types, and locations are used. 270
Figure 4 Project filtering component 273
In the first phase, projects that are procured through nonstandard design-bid-build 274 procurement method are removed. For example, in 'indefinite delivery infinite quantity' 275 contracts, a predetermined inflation rate is used (Rueda-Benavides and Gransberg 2014) and in 276 'design-build' contracts, non-standard bid items are used. Thus, those projects need to be 277 eliminated. In the second phase, projects let in the current period or previous period are selected. 278
Finally, projects relevant to the specific sub-HCCI are shortlisted using one of the three 279 subcomponents (S-HCCI Calculation, T-HCCI Calculation, and L-HCCI Calculation) shown in 280 The resulting dataset is split into two groups: one for the current period and another for 297 the previous period. As items for all projects are based on a finite list of standard bid items used 298 by DOTs, same bid items appear in various construction projects. However, for HCCI 299 calculation, data from each unique item needs to be converted into a single line of data to 300 generate initial cost and quantity vectors. For that, quantities are generated as a sum of quantities 301 of the same items from all the projects (equation (6)) while costs are generated as weighted 302 averages of the costs (equation (7)). The items obtained using this process described above is the largest IB that can be 322 generated from any given bid and project datasets. Further, the process updates IB dynamically 323 based on the project characteristics and bid item data, current period selection, and sub-HCCI 324 that is calculated. Thus, this IB can also be called an optimum IB. Unlike traditional methods 325 where smaller and/or less frequent items are ignored and only larger and more frequent items are 326 used, this method utilizes all items if they are purchased in both the current and previous period. 327
This DIB and corresponding final cost and quantity vectors are transferred to the next component 328 for multidimensional HCCI calculation. 329
Multidimensional HCCI Calculation 330
In the final component, single staged chained Fisher index (equation (3)) based sub-331
HCCIs are calculated using the cost and quantity vectors generated from the previous 332 component. In equation (3), instead of base period (t=0) cost and quantity vectors, previous 333 period cost and quantity vectors (t-1) are used. Different chaining intervals can be used 334 depending on the DOT's needs. In quarterly chained HCCIs, the chaining error can occur if both 335 cost and quantity vectors of the IB oscillate over time (Nygaard 2010) . In case of annual HCCIs, 336 such oscillation is less likely to occur which reduces the chaining error. Finally, the sub-HCCI 337 can be chained using equation (4). A base year can be selected arbitrarily, for which the cost 338 index is set to 1.00 or 100. Generally, the base year is selected when the market is in a normal 339 economic condition (e.g. not affected by heavy recession, etc.). 340 The Graphical User Interface (GUI) has the menu items on top to calculate various sub-354
PROTOTYPE DEVELOPMENT
HCCIs and perform some additional bid data analysis. The prototype is capable of generating 355 sub-HCCIs using the raw bid data in a single click. Users can select a year as the current year to 356 calculate sub-HCCIs for that particular year. Figure 6 shows the item basket generated for T-357 HCCI on the left and six T-HCCI values on the right. Next section discusses the analysis of the 358 results regarding the performance of this new methodology generated using this prototype. 
Improvements in IB using DIB 379
To evaluate the effect of the DIB, overall HCCIs are calculated using DIB (HCCIDIB) and 380 the current IB used by MDT (HCCIcurrent IB). MDT's current item basket includes 71 high cost 381 items handpicked by MDT. In the DIB, items are selected automatically using the framework 382 developed in this study. The number of items in the DIB ranges from 610 to 735 items in various 383 years (2010 -2014) . This indicates that DIB consists of items more than eight times the number 384 of items in the original IB. In terms of the cost coverage, the current MDT's item basket 385 represents less than 50% of the total project costs. The DIB improves the cost coverage to over 386 70% of the total project costs indicating at least 20% increase in the coverage. The overall HCCI 387 values calculated from year 2011 to 2014 are presented in Table 2 . Year 2010 is assigned as the 388 base year with the base cost index of 100. The difference in terms of percentage ranges from 389 2.34% up to 5.98%. 390 Table 2 Comparison of overall HCCI calculated using DIB and current IB 391 A correlation coefficient is calculated to compare the trend of the two series. The 392 correlation coefficient (r) is a statistical factor used to access the linear relationship between two 393 variables (say x and y) (Taylor 1990). Mathematically, the correlation coefficient can be 394 calculated as: 395
397
The value of r can vary from -1 to +1. A positive value indicates that both variables have 398 similar trends, i.e. increase in one variable is associated with the increase in another variable. 399
The higher the value is, the stronger the correlation is. Negative values indicate that an increase 400 in one variable is associated with a decrease in the other. The r-value calculated for these two 401
HCCIs series is 0.98, which indicates a very similar trend between the two series. 402
Further, an overall error between the two HCCI series is calculated using Mean Absolute 403
Percentage Error (MAPE) (equation (10) 
408
The results show a MAPE value of 3.93%. While 3.93% may seem to be a small error, 409 this is a large error considering that an average inflation itself is recommended as 4% by the 410 FHWA (Mack 2012 ). In addition, the absolute percentage difference between the two series is as 411 high as 5.98% in 2012. This implies that the use of the current IB may result in an erroneous 412 decision-making on highway construction market evaluation, preliminary transportation 413 budgeting and planning, etc. 414
Fluctuations of multidimensional HCCIs 415
MDT uses several project characteristics to classify their highway projects (Table 3) . It 416 uses a six-level project type classification system, which is further sub-divided into 41 types. 417
MDT also divides the state into five administrative and construction districts and five financial 418 districts. These two types of districts overlap closely. MDT also uses three different bid item 419 classification systems: division, class, and type. However, no project size classification is found 420 in the current MDT business practices. For this study, MDT projects are classified using a 421 clustering algorithm known as Simple Expectation Maximization that resulted into three clusters. 422
Based on the clusters, project sizes are divided into three ranges representing small (0 -423 $3,500,000), medium ($3,500,000 -$10,500,000), large ($10,500,000 -$50,000,000). 424
With those classification systems, 107 series of chained sub-HCCIs can be calculated. Small (0 -$3,500,000) Medium ($3,500,000 -$10,500,000) Large ($10,500,000 -$50,000,000) The values of overall HCCIs and all continuous sub-HCCIs are presented in Table 4 . 
